ABSTRACT: Studies examining serotonin-1B (5-HT 1B ) receptor manipulations on cocaine self-administration and cocaine-seeking behavior initially seemed discrepant. However, we recently suggested based on viral-mediated 5-HT 1B -receptor gene transfer that the discrepancies are likely due to differences in the length of abstinence from cocaine prior to testing. To further validate our findings pharmacologically, we examined the effects of the selective 5-HT 1B receptor agonist CP 94,253 (5.6 mg/kg, s.c.) on cocaine self-administration during maintenance and after a period of protracted abstinence with or without daily extinction training. We also examined agonist effects on cocaine-seeking behavior at different time points during abstinence. During maintenance, CP 94,253 shifted the cocaine self-administration dose−effect function on an FR5 schedule of reinforcement to the left, whereas following 21 days of abstinence CP 94,253 downshifted the function and also decreased responding on a progressive ratio schedule of reinforcement regardless of extinction history. CP 94,253 also attenuated cue-elicited and cocaine-primed drug-seeking behavior following 5 days, but not 1 day, of forced abstinence. The attenuating effects of CP 94,253 on the descending limb of the cocaine dose−effect function were blocked by the selective 5-HT 1B receptor antagonist SB 224289 (5 mg/kg, i.p.) at both time points, indicating 5-HT 1B receptor mediation. The results support a switch in 5-HT 1B receptor modulation of cocaine reinforcement from facilitatory during selfadministration maintenance to inhibitory during protracted abstinence. These findings suggest that the 5-HT 1B receptor may be a novel target for developing medication for treating cocaine dependence. KEYWORDS: Addiction, serotonin, reinforcement, reinstatement, relapse, reward S erotonin-1B (5-HT 1B ) receptors are located on axon terminals throughout the central nervous system where they function as auto-and heteroreceptors exerting inhibitory control over neuronal activity through negative coupling with adenylate cyclase.
S erotonin-1B (5-HT 1B ) receptors are located on axon terminals throughout the central nervous system where they function as auto-and heteroreceptors exerting inhibitory control over neuronal activity through negative coupling with adenylate cyclase. 1, 2 Polymorphisms in the 5-HT 1B receptor gene are linked to substance abuse.
3−7 5-HT 1B receptors are involved in the behavioral effects of cocaine; however, the nature of their modulatory effects on cocaine abuse-related behaviors has been inconclusive due to discrepancies across studies investigating their role in the reinforcing, rewarding, and incentive motivational effects of cocaine (for review, see refs 8 and 9). For instance, 5-HT 1B receptor knockout mice selfadminister more cocaine on a progressive ratio (PR) schedule than controls, suggesting that 5-HT 1B receptors inhibit cocaine reinforcement and/or motivation for cocaine. 10, 11 In contrast, in rats, 5-HT 1B receptor agonists shift the cocaine dose−effect function to the left on a fixed ratio (FR) schedule and increase cocaine intake on a PR schedule, suggesting that 5-HT 1B receptors enhance cocaine reinforcement and motivation for cocaine.
12−14 Additionally, 5-HT 1B receptor knockout mice do not display cocaine-conditioned place preference (CPP), 15 whereas in rats 5-HT 1B receptor agonists enhance cocaine-CPP but produce conditioned place aversion when administered alone. 16 5-HT 1B receptor agonists also elevate intracranial selfstimulation thresholds and prevent cocaine-induced decreases in intracranial self-stimulation thresholds, suggesting that these receptors inhibit cocaine reward. 17 Finally, 5-HT 1B receptor agonists decrease cue-elicited and cocaine-primed reinstatement of extinguished cocaine-seeking behavior, suggesting that these receptors attenuate incentive motivation for cocaine. 14, 18, 19 The amount of cocaine exposure and subsequent abstinence varies across studies examining the effects of 5-HT 1B receptors on cocaine abuse-related behaviors, which may account for the discrepant findings. Indeed, using viral-mediated 5-HT 1B -receptor gene transfer into the medial nucleus accumbens shell, we recently reported differential effects of increased 5-HT 1B receptor expression on cocaine abuse-related behaviors that varied depending on the stage of the addiction cycle. Specifically, during ongoing maintenance of self-administration, viral-mediated 5-HT 1B -receptor gene transfer shifts the cocaine dose−effect function upward and to the left on a FR5 schedule, and increases breakpoints and cocaine intake on a PR schedule. 20 In contrast, following 21 days of forced abstinence viral-mediated 5-HT 1B -receptor gene transfer attenuates cueelicited and cocaine-primed reinstatement of extinguished cocaine-seeking behavior, and decreases cocaine intake and breakpoints on a PR schedule. These unique patterns of effects suggest that the role of 5-HT 1B receptors in the behavioral effects of cocaine vary depending on the stage of the addiction cycle, with a facilitatory role during periods of ongoing drug use (i.e., maintenance phase) and an inhibitory role during extended abstinence.
The present study sought to further test our hypothesis that extended abstinence from chronic cocaine self-administration switches the functional effects of 5-HT 1B receptor stimulation from facilitation to inhibition of both the reinforcing and incentive motivational effects of cocaine. Rats were tested for the effects of the selective 5-HT 1B receptor agonist CP 94,253 (5.6 mg/kg, s.c.) on drug intake during ongoing maintenance of cocaine self-administration across a range of cocaine doses (0.0−0.75 mg/kg, i.v.), and a separate cohort was tested for CP 94,253 (5.6 mg/kg, s.c.) effects on drug intake after 21 days of forced abstinence with a dose of cocaine available on either the ascending limb of the dose−effect function (0.075 mg/kg, i.v.) or on the descending limb of the function (0.75 mg/kg, i.v.). Subsequently, we examined whether the effects of CP 94,253 on cocaine self-administration (0.75 mg/kg, i.v.) observed during maintenance and protracted abstinence are blocked by the selective 5-HT 1B receptor antagonist SB 224289 (5 mg/kg, i.p.). Additionally, we examined the effects of CP 94,253 (5.6 mg/kg, s.c.) on breakpoints and cocaine intake (0.375 mg/kg, i.v.) on an exponential PR schedule of reinforcement in rats that underwent 21 days of extinction training or forced abstinence. Finally, we investigated the effects of CP 94,253 on cue-elicited and cocaine-primed drug-seeking behavior during either acute (1 day) or protracted (5 days) abstinence. We hypothesized that CP 94,253 would enhance incentive motivation for cocaine and the reinforcing value of cocaine when examined within 24 h of a self-administration session, resulting in a leftward shift of the cocaine self-administration dose−effect function, and an increase in cue-elicited and cocaine-primed drug-seeking behavior. In contrast, we hypothesized a functional switch in 5-HT 1B receptor effects after 5 or more days of abstinence, resulting in decreases in cocaine self-administration on both the FR5 and PR schedules of reinforcement, and decreases in cue-elicited and cocaineprimed drug-seeking behavior.
■ RESULTS AND DISCUSSION
The present results provide convincing pharmacological support for the hypothesis that cocaine reinforcement is facilitated by stimulation of 5-HT 1B receptors during maintenance of self-administration and inhibited following periods of protracted abstinence. Similar to previous research, 12−14 we found that the selective 5-HT 1B receptor agonist CP 94,253 (5.6 mg/kg, s.c.) produced a leftward shift in the cocaine self-administration dose−effect function during maintenance (Figure 1 ), effects similar to increasing the unit dose of cocaine. The effects of CP 94,253 on the descending limb of the cocaine dose−effect function were blocked by the selective 5-HT 1B receptor antagonist SB 224289 (5.0 mg/kg, i.p.), which produced no discernible effects on its own ( Figure  3 ), suggesting that stimulation of 5-HT 1B receptors enhances the reinforcing effects of cocaine during maintenance. In striking contrast, following 21 days of forced abstinence, CP 94,253 (5.6 mg/kg, s.c.) decreased cocaine intake on both the ascending (0.075 mg/kg, i.v.) and descending (0.75 mg/kg, i.v.) limbs of the cocaine dose−effect function (Figure 2) , with the latter effect blocked by the 5-HT 1B receptor antagonist SB 224289 (5.0 mg/kg, i.p.; Figure 4 ). The decrease in cocaine intake at both doses tested during protracted abstinence suggests that CP 94,253 flattens the cocaine dose−effect function rather than producing a shift to the left or right. The finding that best highlights a switch in the functional effects of 5-HT 1B receptors is that during maintenance CP 94,253 pretreatment enhances intake of 0.075 mg/kg, i.v. cocaine relative to vehicle pretreatment, whereas after 21 days of abstinence this same CP 94,253 pretreatment attenuates intake of 0.075 mg/kg, i.v. cocaine relative to vehicle pretreatment.
The attenuating effects of CP 94,253 on cocaine selfadministration during protracted abstinence were independent of reinforcement schedule since reductions in cocaine intake, active lever responding, and the highest ratio achieved (i.e., breakpoints) were also detected on a PR schedule of reinforcement following 21 days of forced abstinence ( Figure  5 ). The attenuating effects of CP 94,253 on PR responding for cocaine are opposite of those reported by Parsons et al. 12 who tested rats without a period of prolonged abstinence. The attenuating effects of CP 94,253 on PR responding in the present study were independent of extinction as cocaine intake was reduced in rats with ( Figure 5A ) or without ( Figure 5D ) a history of extinction training. Thus, the agonist attenuation effect is not likely related to facilitation of extinction learning. The agonist attenuation effect is consistent with our previous research showing that rats with increased expression of 5-HT 1B receptors in terminals of the medial nucleus accumbens shell exhibit an increase in cocaine intake on a PR schedule when tested during maintenance of cocaine self-administration and a decrease when tested during protracted abstinence. 20 Collectively, the findings on the role of 5-HT 1B receptors on cocaine self-administration strongly support the idea that there is a functional switch from a facilitatory role during maintenance of self-administration to an inhibitory role during protracted abstinence.
Stimulation of 5-HT 1B receptors also attenuated cocaineseeking behavior in a manner dependent on the length of abstinence from cocaine self-administration. Indeed, CP 94,253 attenuated both cue-elicited and cocaine-primed drug-seeking behavior following 5 days, but not 1 day, of forced abstinence ( Figure 6 ). These effects are consistent with previous reports indicating that following 10−21 days of extinction training (i.e., abstinence), systemic 5-HT 1B receptor agonist administration 14, 18, 19 or increased 5-HT 1B receptor expression using viral-mediated gene transfer 20 attenuates cue-elicited and cocaine-primed reinstatement of extinguished cocaine-seeking behavior. The present findings suggest that the 5-HT 1B receptor agonist-induced attenuation of cocaine-seeking behavior emerges during the course of abstinence, effects that may result from abstinence-induced changes in 5-HT 1B receptor expression. 21 Contrary to our prediction, CP 94,253 did not increase drug seeking following acute (i.e., 24 h) abstinence. Several possible explanations for this lack of effect include (1) 1 h test sessions for the seeking experiments were too short compared to 2 h (present report) and 3 h 12−14 selfadministration test sessions; (2) differential effects of 5-HT 1B receptor stimulation on cocaine reinforcement versus cocaineseeking behavior during acute (1 day) but not protracted (≥5 days) abstinence; and/or (3) acute abstinence effects may depend on the amount of cocaine history, which varied across studies. Further research is needed to fully delineate the role of 5-HT 1B receptors in cocaine-seeking behavior during acute abstinence.
A previous report suggested that the effects of CP 94,253 on cocaine-seeking behavior (i.e., cue-elicited and cocaine-primed reinstatement of extinguished cocaine-seeking behavior) may not be 5-HT 1B -receptor mediated because the inhibitory effects of CP 94,253 are not blocked by the 5-HT 1B receptor antagonists SB 216641 or GR 127935, and these antagonists administered alone attenuate cue-elicited and cocaine-primed reinstatement. 19 The nonspecific effects observed in the previous study are surprising given that (1) SB 216641 blocks the attenuating effects of CP 94,253 on food-seeking behavior; 19 (2) GR 127935 blocks the attenuating effects of the 5-HT 1B/1A receptor agonist RU 24969 on cue-elicited and cocaine-primed reinstatement of extinguished cocaine-seeking behavior;
18 (3) both GR 127935 12 and SB 216641 13 block the inhibitory effects of CP 94,253 on cocaine self-administration; and (4) SB 216641 blocks CP 94,253-induced reductions in amphetamine self-administration. 22 CP 94,253 is a potent, selective 5-HT 1B receptor agonist with a K i (nM) of 2 at 5-HT 1B receptors compared to values of 89 and 49 at 5-HT 1A and 5-HT 1D receptors, respectively, and CP 94,253 has little or no affinity for 5-HT 1E , 5-HT 1F , 5-HT 2 , 5-HT 3 , D 1 , D 2 , α 1 , α 2 , β-adrenergic, muscarinic, GABAergic, histamine, or opiate receptors. 23 Importantly, the present results indicate that the selective 5-HT 1B receptor antagonist SB 224289 blocked the inhibitory effects of CP 94,253 on cocaine intake during both maintenance and protracted abstinence without altering selfadministration at either time point when administered alone (Figures 3 and 4) . SB 224289 is a selective 5-HT 1B receptor antagonist with negative intrinsic activity. 24 Indeed, SB 224289 has a high affinity for 5-HT 1B receptors (pK i = 8.2) and displays over 75 fold selectivity for 5-HT 1B receptors compared to all other 5-HT receptors (pK i < 6.2 for each receptor). Furthermore, increasing the expression of 5-HT 1B receptors in terminals of nucleus accumbens shell projection neurons produces similar patterns of effects on cocaine intake and cocaine-seeking behaviors following protracted abstinence, 20 providing converging evidence for 5-HT 1B -receptor mediation.
5-HT 1B receptor agonists have some effects on locomotor activity. For instance, the nonselective 5-HT 1B/1A receptor agonist RU 24969 initially decreases spontaneous locomotion during acute abstinence (24 h) from cocaine self-administration, but enhances locomotion across 14 days of forced abstinence. 25 Although we cannot rule out the possibility that CP 94,253 produced nonspecific effects on motor function that may have influenced operant responding, this idea is mitigated by our findings that there were no differences in inactive lever pressing between vehicle and CP 94,253 groups during maintenance or following protracted abstinence (data not shown). Furthermore, although we did not directly test the effects of CP 94,253 on locomotor activity in the present report, previously we examined CP 94,253 dose-dependent effects on locomotor activity following sucrose self-administration and we failed to detect any effect within the CP 94,253 dose range used in the present study.
14 Finally, if CP 94,253 had increased locomotor activity during the course of protracted abstinence similar to the effects of RU 24969 observed previously, then we likely would have detected an increase in response rates on both the active and inactive levers rather than a selective decrease in active lever responding.
The present results suggest that 5-HT 1B receptors may provide a novel pharmacological target for developing treatments for cocaine addiction. A significant challenge in treating cocaine addiction is the propensity for relapse, 26, 27 which can occur following extended periods of abstinence. 28 Factors contributing to relapse include sampling cocaine and/or exposure to cocaine-related cues that elicit incentive motivational effects in drug abusers leading to drug craving and relapse. 29−32 A troubling characteristic of drug craving is that it becomes more pronounced over the course of abstinence, 33−35 a phenomenon referred to as the incubation effect. 36 The present findings revealed a parallel time-dependent change in the functional effects of 5-HT 1B receptors, suggesting that the incubation effect may involve compensatory changes in these Figure 6 . Effects of the 5-HT 1B receptor agonist CP 94,253 on cocaine-seeking behavior following 1 or 5 days of forced abstinence. Data are expressed as the number of active lever responses emitted (±SEM) during tests for cue-elicited (A) and cocaine-primed (B) drug seeking. On both test days, rats first received a 2 h extinction session, then they received their assigned drug treatments, and 15 min later were returned to the selfadministration chambers for a 1 h cue-elicited (A) or cocaine-primed (B) drug-seeking test. Rats (n = 10/test modality) were pretreated with vehicle (1 mL/kg, s.c.; white bars) or CP 94,253 (5.6 mg/kg, s.c.; black bars) 15 min before testing on abstinence day 1. On abstinence day 5, the rats that received vehicle on day 1 were pretreated with CP 94,253 (5.6 mg/kg, s.c.; black bars), whereas those that received CP 94,253 on day 1 received vehicle (white bars). The groups and the order in which the testing occurred were counterbalanced for the number of cocaine reinforcers (0.75 mg/ kg/0.1 mL, i.v.) obtained during cocaine self-administration training (data not shown). For the cue-elicited seeking phase, cues were available response-contingently during the 1 h test sessions on a fixed ratio (FR) 1 schedule of reinforcement. For the cocaine-primed seeking phase, the cocaine prime (10 mg/kg, i.p.) was administered immediately before testing and no cues were presented during the 1 h test sessions. Compared to vehicle pretreatment, CP 94,253 attenuated cue-elicited [t (18) = 2.45, p < 0.05] and cocaine-primed [t (15) = 2.49, p < 0.05] cocaine-seeking behavior following 5 days, but not 1 day, of forced abstinence. Asterisk (*) represents a difference from vehicle pretreatment, independent sample t tests.
receptors. The time-dependent nature of the ability of the 5-HT 1B receptor agonist CP 94,253 to attenuate cocaine seeking ( Figure 6 ) suggests that the agonist may reverse the incubation effect. Therefore, it might be possible to utilize 5-HT 1B receptor agonists to time-dependently decrease the incentive motivational effects of stimuli that induce drug craving ( Figure  6 14,18,19 ), thereby reducing the incidence of relapse, while simultaneously reducing cocaine intake if a lapse occurs (i.e., reduced intake on FR and PR schedules during protracted abstinence; Figures 2−5) .
Another challenge in developing pharmacological treatments for cocaine addiction is polydrug use. 37, 38 Cocaine-dependent patients frequently exhibit comorbidity for opiate and/or alcohol addiction. 39 
■ CONCLUSIONS
The present findings, together with previous research, reveal a dynamic pattern of 5-HT 1B -receptor modulation of cocaine abuse-related behaviors (i.e., cocaine intake and motivation for drug), with a facilitatory influence during periods of active drug use [12] [13] [14] 20 in striking contrast to an inhibitory influence during protracted, 14,18−20 but not acute (Figure 6 ), abstinence. The time-dependent attenuating effects of CP 94,253 on cocaine abuse-related behaviors suggest that 5-HT 1B receptors may be critical in the development of craving that emerges during the course of abstinence. 33, 34 Collectively, these findings suggest that 5-HT 1B receptors may provide a novel target for developing treatments for cocaine addiction and that the therapeutic efficacy of these treatments likely depends on the stage of the addiction cycle.
■ METHODS
Subjects. Adult male Sprague−Dawley rats weighing 263−355 g prior to surgery were singly housed in a climate-controlled facility with a reversed 10 h light/14 h dark cycle (lights off at 7:00 AM). All husbandry and experimentation adhered to the Guide for the Care and Use of Laboratory Animals (2011), and all experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee at Arizona State University. Separate groups of rats were used for each specific experiment and were naıve to all experimental manipulations.
Surgery. Catheters were implanted into jugular veins under isoflurane (2−3%) anesthesia as detailed previously. 44 Rats were given 6−7 days of recovery prior to the start of cocaine self-administration training. Catheters were flushed daily with 0.1 mL saline containing heparin sodium (70 U/ml; APP Pharmaceuticals, Schaumburg, IL), and Timentin (66.7 mg/mL; GlaxoSmithKline, Research Triangle Park, NC) for 5 days following surgery. Thereafter, catheters were flushed daily with heparinized saline and Timentin to maintain catheter patency. Catheters were tested for patency periodically by administering methohexital sodium (16.7 mg/mL; Jones Pharma Inc., St. Louis, MO), which produces brief anesthetic effects only when administered i.v.
Drugs. Cocaine hydrochloride (RTI International, Research Triangle Park, NC) was dissolved in 0.9% bacteriostatic saline (Hospira Inc., Lake Forest, IL) and filtered through 0.2 μm membrane Acrodisc Syringe Filters (PALL Life Sciences, Ann Arbor, MI). CP 94,253 was dissolved in 0.9% bacteriostatic saline (pH 7.2). The dose of CP 94,253 (5.6 mg/kg, s.c.) utilized in the present experiments was based on previous research indicating that this is the minimally effective dose capable of altering both cocaine self-administration and cocaine-seeking behavior (i.e., cue-and cocaine-primed reinstatement testing). 13, 14, 19 SB 224289 was dissolved in 0.9% bacteriostatic saline containing 10% 2-hydroxypropyl β-cyclodextrin (pH 7.2; Sigma, St. Louis, MO). The doses of SB 224289 (2.5−7.5 mg/kg, i.p.) utilized in the present experiments were based on previous research indicating that SB 224289 (5 mg/kg, i.p.) blocked cocaine-induced locomotor activity. 45 General Self-Administration Training. Self-administration training occurred in operant conditioning chambers (30 × 25 × 25 cm 3 ; Med Associates, St. Albans, VT) as detailed previously. 46 Briefly, rats were trained to self-administer cocaine (0.75 mg/kg/0.1 mL, i.v.), progressing from a FR1 to a FR5 schedule of reinforcement 6 days per week during 2 h sessions. Completion of the reinforcement schedule on the active lever produced the simultaneous activation of a cue light and tone generator followed 1 s later by a 6 s cocaine infusion; immediately after each infusion, a house light was activated signaling a 20 s timeout period. Throughout each session, inactive lever pressing was recorded but produced no consequences. To facilitate exploration, rats were initially restricted to 16 g of food/day beginning 2 days prior to self-administration training. 47 Food restriction (16−22 g) was maintained until the final FR5 schedule was achieved for 2 consecutive days, after which rats were given ad libitum access to food for the duration of each experiment. All rats were trained on a schedule that progressed from an FR1 to an FR5 to make direct comparisons with previous reports examining the effects of CP 94,253 on cocaine selfadministration and drug-seeking behavior. [12] [13] [14] 19 Prior to the start of each specific experiment, self-administration training continued until infusion rates stabilized, defined as less than 15% variability per session across three consecutive days with no upward or downward trends (a minimum of 11−16 sessions).
Experiment 1: Effects of CP 94,253 on FR5 Responding during Maintenance. Self-administration sessions were conducted daily, 6 days/week throughout this experiment. Rats (n = 12) were first stabilized on their training dose of cocaine (0.75 mg/kg/0.1 mL, i.v.; 17−25 sessions) and then were tested for the effects of CP 94,253 on the cocaine self-administration dose−effect function. Cocaine doses of 0.0, 0.075, 0.1875, 0.375, or 0.75 mg/kg/0.1 mL infusion, i.v. were available on an FR5 schedule of reinforcement during 2 h sessions. Rats were tested twice at each cocaine dose, and doses were presented in pseudorandom order using a within-subjects design; rats were tested first on their training dose of cocaine, and the remaining cocaine doses were tested subsequently in random order. For the two tests at a given dose of cocaine, rats received pretreatment with vehicle (1 mL/kg, s.c.) 15 min before one test and CP 94,253 (5.6 mg/kg, s.c.) 15 min before the other test, with order of pretreatment (i.e., vehicle or CP 94,253) counterbalanced. Between each test session, stable response rates were re-established using the criterion of three consecutive self-administration sessions with less than 15% variation in the total number of reinforcers earned for each cocaine dose [including the 0 dose (saline)], with no upward or downward trends.
Experiment 2: Effects of CP 94,253 on FR5 Responding during Protracted Abstinence. In this experiment, rats were tested only once for the effects of CP 94,253 on cocaine self-administration following 21 days of forced abstinence. The dose of cocaine available on the test day was either on the ascending limb (0.075 mg/kg, i.v.) or the descending limb (0.75 mg/kg, i.v.) of the cocaine dose−effect function. First, cocaine intake for all rats was stabilized on the 0.75 mg/kg, i.v. training dose across 15 training sessions. Then rats to be tested with the 0.075 mg/kg/0.1 mL, i.v. dose were given six additional training sessions with this lower dose available while the other rats continued to have the 0.75 mg/kg/0.1 mL, i.v. training dose available during these six sessions. All rats were then placed into forced abstinence for 21 days, during which they were handled and flushed daily for catheter maintenance but otherwise remained in their home cages. Rats within each cocaine test dose condition were further assigned to groups that received pretreatment with either CP 94,253 or vehicle on the test day (4 groups; n = 7−9/group). Assignment to both the cocaine dose and pretreatment conditions was counterbalanced for previous total cocaine intake. On the test day, rats received their pretreatment of vehicle (1 mL/kg, s.c.) or CP 94,253 (5.6 mg/kg, s.c.) 15 min prior to the 1 h self-administration test session. The assigned cocaine dose (0.075 or 0.75 mg/kg, i.v.) was available on an FR5 schedule of reinforcement in a manner identical to that used during self-administration training. To minimize stress of the pretreatment injection on responding during FR5 testing, rats received a vehicle injection in their home cages on days 20 and 21 of forced abstinence.
Experiment 3 ) on cocaine intake during both maintenance and protracted abstinence. Prior to testing, there were no differences between groups in the number of cocaine reinforcers (0.75 mg/kg/0.1 mL, i.v.) obtained during cocaine self-administration training (data not shown). During maintenance testing, all rats were tested twice using a within-subjects design, receiving vehicle prior to one test and their assigned 5-HT 1B receptor drug(s) prior to the other test, with order of pretreatment counterbalanced. Rats (n = 8−10/5-HT 1B receptor drug group) received the SB 224289 pretreatment 60 min before the test and the CP 94,253 pretreatment 15 min before the other test; matched vehicle injections (1 mL/kg, s.c. and i.p.) were administered at 15 and 60 min where appropriate. Between each test session, stable response rates were established using the criterion of three consecutive self-administration sessions with less than 15% variation in the total number of reinforcers earned, with no upward or downward trends. Following both vehicle and 5-HT 1B receptor ligand tests, subjects were restabilized for cocaine infusion rates (0.75 mg/kg) and then were placed into forced abstinence.
Following 21 days of forced abstinence, rats were reassigned to either a vehicle or a 5-HT 1B receptor ligand drug group [SB 224289 (5.0 mg/kg, i.p.); CP 94,253 (5.6 mg/kg, s.c.); or CP 94,253 + SB 224289]. During protracted abstinence testing, rats (n = 10−12/ group) were tested once using a between subjects design, receiving CP 94,253 15 min before the test and/or SB 224289 pretreatment 60 min before the test; matched vehicle injections (1 mL/kg, s.c. and i.p.) were administered at 15 and 60 min where appropriate. Group assignments for the vehicle and 5-HT 1B receptor ligand groups during protracted abstinence were counterbalanced for cocaine and 5-HT 1B receptor ligand history during maintenance training and testing, respectively.
Experiment 4: Effects of CP 94,253 on PR Responding during Protracted Abstinence. Rats first underwent self-administration training at the 0.75 mg/kg, i.v. dose of cocaine on an FR5 schedule of reinforcement as described in the general methods. They then continued daily training on a PR schedule that progressed exponentially from an FR1 according to the formula 5 × exp(0.2n) − 5, 48 with n reflecting the number of reinforcers the rat received during the session. The dose of cocaine available during the PR sessions was lowered to 0.375 mg/kg, i.v. because individual differences, which are presumably due to the reinforcer efficacy needed to maintain responding under higher response demands, are magnified at lower cocaine doses. 49, 50 PR sessions continued until rats reached their breakpoint, which was defined as the highest ratio attained once rats failed to receive a cocaine infusion during a 1 h period. All rats received a minimum of three PR sessions (15−20 total training sessions) during which stable cocaine intake was achieved. Following their last PR self-administration training session, rats were assigned to groups that underwent either extinction training (6 sessions/week for a total of 17 sessions across 21 days of abstinence; n = 22) or forced abstinence (21 days of abstinence; n = 22). Group assignment was counterbalanced for previous cocaine intake. Throughout extinction, rats were connected to the tethers and lever responses were recorded but produced no consequences (i.e., the cocaine infusion pump was not activated, and the light and tone cues were withheld). Active lever responding in the absence of cocaine and/or cue reinforcement is our operational definition of cocaine-seeking behavior. Rats within the abstinence and extinction conditions were further assigned to drug pretreatment groups (i.e., CP 94,253 or vehicle) counterbalanced for previous total cocaine intake. Parameters for PR testing were identical to those described above for PR self-administration training. On the test day, rats received their pretreatment of either vehicle (1 mL/kg, s.c.) or CP 94,253 (5.6 mg/kg, s.c.) 15 min prior to PR selfadministration testing. To control for injection stress effects on responding during PR testing, rats received a vehicle injection 15 min before their last two extinction sessions or in the home cages on days 20 and 21 of forced abstinence. Test sessions were capped at 3 h in order to prevent CP 94,253 washout during PR test sessions.
Experiment 5: Effects of CP 94,253 on Cue-Elicited and Cocaine-Primed Drug-Seeking Behavior during Acute or Protracted Abstinence. The effects of CP 94,253 on cue-elicited and cocaine-primed drug-seeking behavior were assessed following acute (1 day) and protracted abstinence (5 days). Rats (n = 40) were first trained to self-administer cocaine (0.75 mg/kg/0.1 mL, i.v.) until responding stabilized (17−20 sessions). Then rats were assigned to groups that were tested for either cue-elicited (n = 20) or cocaineprimed (n = 20) drug seeking, and within each of these groups, rats were tested on days 1 and 5 of abstinence (i.e., 24 and 120 h following the last cocaine self-administration training session). Each test began with a 2 h extinction session after which the rats received their assigned drug injection and were returned to the self-administration chambers 15 min later for a 1 h drug-seeking test. For the first test on day 1 of abstinence, half of the rats received vehicle (1 mL/kg, s.c.) and half received CP 94,253 (5.6 mg/kg, s.c.). For the second test on day 5 of abstinence, the rats that had received vehicle prior to the first test received CP 94,253 (5.6 mg/kg, s.c.) and the rats that received CP 94,253 prior to the first test received vehicle. During the cue-elicited test sessions, rats were placed into the self-administration chamber connected to the tethers for a 1 h test session during which active lever responses on an FR1 schedule of reinforcement resulted in responsecontingent presentations of the same stimulus complex that had been previously paired with cocaine infusions. Rats that failed to respond within the first 5 min were presented with a noncontingent cue. During the cocaine-primed test sessions, rats received a cocainepriming injection (10 mg/kg, i.p.) immediately before they were placed into the operant conditioning chambers for a 1 h test session, during which responses produced no consequences. In order to control for possible injection stress effects on responding during tests for cue-elicited and cocaine-primed drug seeking, rats received a vehicle injection 15 min before their last two self-administration training sessions and before the extinction sessions on both test days.
Data Analyses. Cocaine infusions and inactive and active lever response rates during self-administration and extinction training were analyzed using independent-sample t tests. For experiment 1, cocaine dose and CP 94,253 pretreatment were used as repeated measures in a two-way ANOVA. For experiment 2, the total number of cocaine infusions were analyzed using a two-way ANOVA with cocaine dose (0.075 mg/kg or 0.75 mg/kg) and CP 94,253 pretreatment (vehicle or 5.6 mg/kg) doses as between-subjects factors. For experiment 3 examining the specificity of CP 94,253 effects during maintenance of cocaine self-administration, a mixed factor ANOVA was used with 5-HT 1B receptor ligand type (i.e., SB 224289, CP 94,253, or SB 224289 + CP 94,253) as the between-subjects factor and dose (i.e., vehicle or drug) as the repeated measure. For experiment 3 examining specificity of CP 94,253 effects during protracted abstinence, a one-way ANOVA was used with 5-HT 1B receptor ligand type (i.e., vehicle, SB 224289, CP 94,253, or SB 224289 + CP 94,253) as the between-subjects factor. For experiment 4, the total number of infusions, active lever responses, and the highest ratios achieved were analyzed using separate two-way ANOVAs with abstinence history (abstinence or extinction) and CP 94,253 pretreatment (vehicle or 5.6 mg/kg) as between-subjects factors. For experiment 5, planned comparisons examining lever response rates during cue-elicited and cocaine-primed drug seeking tests were conducted using independent-sample t tests at both time points. ANOVA significant interactions were followed by NewmanKeuls tests or by tests of simple effects using independent sample t tests. All statistics were conducted using SPSS, version 21 (IBM Corp., Armonk, NY); α was set at 0.05 for all comparisons. 
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